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Ent3p Is a PtdIns(3,5)P2 Effector Required
for Protein Sorting to the Multivesicular Body
In Saccharomyces cerevisiae, several proteins un-
dergo sorting at the MVB on their way to the vacuole.
These proteins include carboxypeptidase S (CPS),
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membrane proteins selectively sorted into invaginating1Laboratoire de Transport et Compartimentation
vesicles of the MVB (Odorizzi et al., 1998; Reggiori andIntracellulaire
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synthesized as a type II membrane protein and sortedStructurales
to internal vesicles of the MVB. Upon delivery to the3 Laboratoire de Bio-Cristallographie
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these proteins remain on the surface of the MVB andFrance
are targeted to the vacuolar membrane (Katzmann et
al., 2001; Reggiori and Pelham, 2001).
Genetic studies in yeast allowed identification of many
Summary components required for MVB sorting, most of them
belonging to the class E subset of vacuolar protein sort-
PtdIns(3,5)P2 is required for cargo-selective sorting to ing (Vps) proteins. Class E vps mutants accumulate an
the vacuolar lumen via the multivesicular body (MVB). exaggerated endosomal structure in which cargoes of
Here we show that Ent3p, a yeast epsin N-terminal ho- both biosynthetic and endocytic pathways become con-
mology (ENTH) domain-containing protein, is a specific centrated, and these mutants are also affected in protein
PtdIns(3,5)P2 effector localized to endosomes. The sorting into the MVB (Odorizzi et al., 1998; Piper et al.,
ENTH domain of Ent3p is essential for its PtdIns(3,5)P2 1995). It has recently been shown that some class E Vps
binding activity and for its membrane interaction in proteins are associated in complexes at the endosomal
vitro and in vivo. Ent3p is required for protein sorting membrane, the ESCRT-I (endosomal sorting complex
into the MVB but not for the internalization step of required for transport), ESCRT-II, and ESCRT-III com-
endocytosis. Ent3p is associated with clathrin and is plexes, which act in concert to regulate MVB sorting
necessary for normal actin cytoskeleton organization. (Babst et al., 2002a, 2002b; Katzmann et al., 2001).
Our results show that Ent3p is required for protein ESCRT-I binds to ubiquitinated pro-CPS. This leads to
sorting into intralumenal vesicles of the MVB through activation of ESCRT-II, which in turn interacts with
PtdIns(3,5)P2 binding via its ENTH domain. ESCRT-III to promote its assembly on the endosomal
membrane. The formation of the ESCRT structures re-
sults in sorting of ubiquitinated pro-CPS into MVB ves-Introduction
icles.
Besides the protein machinery that regulates selectiveIn eukaryotic cells, proteins are sorted to lysosomes/
sorting and trafficking of cargo, several phospholipids,vacuoles from the Golgi apparatus or from the plasma
especially phosphorylated phosphatidylinositol (PtdIns)membrane via the endosomal system. Endosomes coor-
derivatives, are critical for this process. This has beendinate protein transport from both biosynthetic and en-
demonstrated by the requirement of enzymes that syn-docytic pathways (Lemmon and Traub, 2000). Endo-
thesize specific PtdIns polyphosphates. For example,somes undergo membrane segregation that is crucial
synthesis of PtdIns(3)P by Vps34p is required for vacuo-for their function. Regions of their limiting membrane
lar protein sorting in yeast and for proper sorting ofinvaginate to form internal vesicles and the resulting
the lysosomal protein cathepsin D in mammalian cellscompartment is known as the multivesicular body (MVB;
(Brown et al., 1995; Davidson, 1995; Schu et al., 1993).Felder et al., 1990). Subsequent fusion of the mature
Phosphorylation of PtdIns(3)P is catalyzed by Fab1p,
MVB with lysosomes/vacuoles results in delivery of in-
the sole PtdIns(3)P 5-kinase in yeast (Cooke et al., 1998).
ternal vesicles to the lumen of lysosomes/vacuoles,
Phenotypic analysis of yeast mutants that cannot syn-
where they are degraded. Proteins remaining on the thesize PtdIns(3,5)P2, fab1, vac7, and vac14 revealedlimiting membranes of the MVB are either recycled back that this phospholipid is also required for MVB protein
to the Golgi complex or to the plasma membrane, or sorting (Bonangelino et al., 1997; Dove et al., 2002; Odor-
delivered to the lysosomal/vacuolar membrane via fu- izzi et al., 1998).
sion (Gruenberg and Maxfield, 1995; Pelham, 2002). The ENTH (epsin N-terminal homology) domain is a
Therefore, the MVB sorting pathway plays a critical role well-characterized PtdIns binding module (Kay et al.,
in sorting of proteins within the endosomal membrane 1999). ENTH domains are found in mammalian epsin,
system. as well as in their yeast homologs Ent1p–Ent5p (Chen
et al., 1998). The ENTH domain of epsin1 specifically
binds PtdIns(4,5)P2, and this interaction is required for*Correspondence: s.friant@ibcp.fr
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clathrin-mediated endocytosis (Itoh et al., 2001). In To determine whether Ent3p is required for the internal-
ization step of endocytosis, receptor-mediated andyeast, Ent1p and Ent2p are also required for endocyto-
sis. ENT1 and ENT2 genes are not essential, but an fluid-phase endocytosis of ent3-1 cells was assayed
(Figure 1). The ent3-1 mutant internalized [35S] factorent1ent2mutant is not viable. The double mutant can
be rescued by a truncated form of Ent1p that comprises at the same rate as wild-type cells at 24C and 37C
(Figure 1A). There was also no defect in fluid-phasethe ENTH domain and one clathrin binding motif, but
not by an Ent1p construct lacking the ENTH domain endocytosis, because the mutant cells accumulated the
fluorescent dye lucifer yellow (LY) in the vacuole at 24Cor bearing the ENTH domain of either Ent3p or Ent4p
(Wendland et al., 1999). These data indicate that the and 37C (Figure 1B). In contrast to wild-type cells,
ent3-1 cells displayed fragmented vacuoles at 24C andENTH domain of Ent1p performs an essential function
that cannot be fulfilled by the ENTH domain of Ent3p or 37C (Figure 1B). This vacuolar phenotype corresponds
to class B vps mutants, as shown by vps39 and vps41Ent4p.
In this study, we describe the characterization of mutants affecting the ALP pathway (Rehling et al., 1999).
Taken together, the above results clearly demonstrateEnt3p, an ENTH protein required for protein sorting in
the MVB. We show that Ent3p is a specific PtdIns(3,5)P2 that Ent3p is not required for endocytosis.
effector and that its ENTH domain is required for
PtdIns(3,5)P2 binding activity and for membrane interac- Mutant ent3-1 Cells Exhibit Kinetic Delays
tion in vitro and in vivo. We also demonstrate that Ent3p in Vacuolar Protein Sorting
binds clathrin and is required for actin cytoskeleton The ent3-1 mutant was isolated in a screen for ALP
organization. These results suggest that Ent3p is a pathway mutants. We analyzed the transport/pro-
PtdIns(3,5)P2-interacting protein that acts at early stages cessing of CPY and ALP to ascertain that Ent3p is indeed
of protein sorting in the MVB. required for vacuolar protein sorting. After a pulse with
Met/Cys 35S label, wild-type cells displayed a precursor
form of ALP (pro-ALP) and two precursor forms of CPY,
Results
representing an ER (p1) and a Golgi-modified form (p2).
Upon delivery to the vacuole, precursor forms were pro-
Identification of ent3-1, a Temperature-
teolytically processed, resulting in a lower molecular
Sensitive Mutant
weight, mature form (m). At 24C, ALP and CPY transport
To identify new genes involved in transport to the vacu-
appeared to be unaffected in ent3-1 cells (data not
ole, we screened for temperature-sensitive vps mutants.
shown), but after a 15 min preshift to 37C, a kinetic
In yeast, there are two pathways for delivery of newly
delay in processing of CPY and ALP was observed in
synthesized proteins to the vacuole, the carboxypepti-
ent3-1 cells (Figure 1C). The ent3-1 mutant missorted a
dase Y (CPY) and the alkaline phosphatase (ALP) path-
fraction of its newly synthesized vacuolar proteases into
ways (Conibear and Stevens, 1998). The ALP pathway
the extracellular medium, because upon growth on YPD
requires the adaptor protein complex AP-3, which medi-
plates supplemented with 1.5% nonfat skim milk and
ates sorting of cargo via recognition of their dileucine
buffered to pH 5.0, a halo appeared around ent3-1 colo-
signal (Cowles et al., 1997).
nies after 6–7 days of incubation at 37C (data not
To isolate mutants that are potentially affected in the
shown).
ALP pathway, we screened for mutants that are defec-
Pulse-chase analysis of total protein secreted into the
tive for the vacuolar localization of a Ste2p construct
extracellular medium, using the sec18-1 mutant as a
bearing a triple-dileucine motif (Ste2-[LL]3). The  factor control, showed that ent3-1 cells have no defect in se-
receptor Ste2p is transported to the plasma membrane
cretion (data not shown). The vacuolar lumen was prop-
of Mata cells, where it is required for mating with Mat
erly acidified in ent3-1 cells as shown by quinacrine
cells. The Ste2-(LL)3 construct is transported to the vac- staining (data not shown). All these results show that
uole, rendering wild-type cells sterile. The screen is
the CPY and ALP maturation delay observed in ent3-1
based on the acquisition of a normal mating phenotype
cells is neither due to general defects in anterograde
of mutants defective for the ALP pathway, because they
trafficking, nor to a lack of acidification of the vacuole.
mislocalize the Ste2-(LL)3 construct to the plasma mem-
brane.
Ent3p Specifically Binds PtdIns(3,5)P2A number of mutants were isolated that correspond
The ENTH domain of epsin1 was shown to preferentiallyto previously identified VPS genes. However, a tempera-
bind to PtdIns(4,5)P2 (Itoh et al., 2001). The ENTH domainture-sensitive mutant was identified that had two point
of Ent3p is necessary for viability of ent3-1 cells at 37Cmutations in the ENT3 gene (Y60H [see sequence align-
(data not shown). To determine the lipid specificity ofment below] and D202G) and was therefore named ent3-1.
Ent3p, purified GST fusion proteins were incubated onEnt3p was identified in a database search for ENTH
nitrocellulose membranes spotted with different lipiddomain-containing proteins in yeast (Wendland et al.,
species (PIP strip; Echelon Biosciences), and anti-GST1999).
antibody was used to probe the membranes for protein
binding (Figure 2A). In this assay, GST-Ent3 was specifi-
cally bound to PtdIns(3,5)P2. The GST-ent3-ENTHEnt3p Is Not Required for Endocytosis
The ENTH domain is a membrane-interacting module (148–408) construct lacking the ENTH domain did not
specifically bind any lipid species of the PIP strip, show-that is found in a number of proteins acting at early
stages of the endocytic pathway (De Camilli et al., 2002). ing that the ENTH domain of Ent3p is required for its
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Figure 1. ent3-1 Mutant Cells Show No Defect in Endocytosis, but Exhibit Kinetic Delays in Vacuolar Protein Sorting
(A) Strains RH448 (WT) and FLY639 (ent3-1) were assayed for  factor internalization at 24C and 37C.
(B) Wild-type (WT, RH448) and ent3-1 (FLY639) cells were tested for LY accumulation in the vacuole at 24C and 37C. The same field of cells
viewed by fluorescence (left panel) and by Nomarski optics (right panel) is shown.
(C) Wild-type (WT, RH448) and ent3-1 (FLY504) cells were incubated at 37C for 15 min and labeled with 35S Promix for 5 min, and chase time
points were taken at 0, 5, 10, and 30 min. Cells were harvested and extracts were generated. ALP and CPY were isolated by immunoprecipitation,
resolved via SDS-PAGE, and revealed by a Storm phosphorImager.
lipid specificity. The signal obtained for Ent3p on the The specificity of the interaction between Ent3p and
PtdIns(3,5)P2 was further confirmed by sedimentationPdtIns(3)P dot seems to be nonspecific, because the
ent3-ENTH construct that lacks the lipid binding mod- assays using PC-based liposomes containing either 5%
of PtdIns(3,5)P2, PtdIns(4,5)P2, PtdIns(3)P, or only PC.ule shows a similar background binding.
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Figure 2. The ENTH Domain of Ent3p Binds Specifically to PtdIns(3,5)P2
(A) Nitrocellulose-immobilized phospholipids (PIP strip) were incubated with GST-Ent3 and GST-ent3-ENTH recombinant proteins and the
bound proteins were visualized by Western blot analysis with anti-GST antibodies.
(B) GST-FYVE, GST-ENTH, GST-Ent3 or GST-ent3-ENTH, as indicated, were incubated with either control (PC) or PC-based liposomes
containing 5% PtdIns(3,5)P2, PtdIns(4,5)P2, or PtdIns(3)P at 24C for 20 min. After centrifugation, pellets containing liposome-associated
proteins were analyzed by SDS-PAGE and analyzed by Western blot with anti-GST antibodies.
Sedimented proteins were detected by Western blot of Ent3p, because the GST-ent3-ENTH protein was not
cosedimented with any of the liposomes tested (Figureanalysis using anti-GST antibodies. GST-Ent3 and GST-
ENTH (1–180) constructs were most efficiently sedi- 2B). Our results demonstrate that Ent3p specifically
binds to PtdIns(3,5)P2, which is a new phosphoinositidemented with liposomes containing PtdIns(3,5)P2, but not
with PC liposomes whether or not containing PtdIns(4,5)P2 specificity for an ENTH domain protein.
or PtdIns(3)P (Figure 2B). As a control, we tested the
binding capacity of the FYVE domain of Hrs-1, a well- Intracellular Localization of Ent3p Is Dependent
on PtdIns(3,5)P2 Bindingcharacterized PtdIns(3)P binding domain, in our lipo-
some assay (Sankaran et al., 2001). FYVE displayed also The intracellular localization of Ent3p was analyzed by
a differential sedimentation assay. In wild-type cells, thea clear preference for PtdIns(3)P over any other phos-
phoinositide in our binding assay (Figure 2B). The amount majority of Ent3p was found in a membrane-associated
fraction that pelleted at 13,000 g (P13; Figure 3). Theof Ent3p recruited to liposomes increased with the
amount of PtdIns(3,5)P2 included in the liposomes, but P13 fraction contains large organelles such as vacuoles,
ER, and nuclei, or subcellular structures such as cy-not with the amount of PtdIns(3)P (data not shown). The
ENTH domain is essential for the lipid binding activity toskeleton. Ent3p was also found in the cytoplasmic
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Figure 3. Membrane Association of Ent3p Is
Dependent on the ENTH Domain and on
PtdIns(3,5)P2 Synthesis
Whole-cell extracts of wild-type (WT, FY833)
and mutant (fab11, vps34, mss4, and pik1)
cells were subjected to differential centrifu-
gation. Equivalent amounts of protein were
loaded. Lane P13 and lane P100 represent
the pellet fractions resulting from a 13,000 g
and a 100,000 g spin, respectively, and lane
S100, the soluble fraction remaining after the
100,000 g spin. Ent3p was detected with rab-
bit anti-Ent3p serum. The vacuolar ATPase
Vph1p, the vacuolar membrane protein alkaline
phosphatase (ALP), the Golgi protein Emp47p,
and the cytosolic protein 3-phosphoglycer-
ate kinase (PGK) were used as markers.
Whole-cell extract from a deletion strain
(FLY662, ent3) containing a plasmid encod-
ing triple-HA-tagged ent3-ENTH (pFL596) or
Ent3-2 (pFL696) constructs was subjected to
differential centrifugation as described, and
probed with monoclonal anti-HA antibody.
The same fractionation assay was done on
wild-type (BY4741) or fab1 (Y07080) cells
bearing the ENTH-HA3 construct (pFL597).
pool (S100), and in the high-speed membrane pellet like mss4 or pik1, which lack PtdIns(4,5)P2 synthesis
and PdtIns(4)P synthesis, respectively, the intracellular(P100) that contains Golgi, endosomes, vesicles, and
other membranes (Marcusson et al., 1994). This result localization of Ent3p did not change (Figure 3; Odorizzi
et al., 2000).indicates that Ent3p is a cytosolic protein that can be
associated with membrane fractions. The ENTH module is the predicted membrane binding
domain of Ent3p. To test this hypothesis, differentialTo determine whether the lack of PtdIns(3,5)P2 synthe-
sis affects the subcellular localization of Ent3p, we re- fractionation studies were carried out on ent3 cells
expressing an HA-tagged Ent3p construct lacking thepeated the same fractionation assay in fab1 and
vps34 mutant cells. The FAB1 gene encodes the sole ENTH domain. Anti-Ent3p antibodies did not recognize
the ent3-ENTH-HA construct, but this construct isPtdIns(3)P 5-kinase in yeast, and vps34 mutants do
not synthesize PdtIns(3)P, the precursor of PtdIns(3,5)P2 properly expressed and recognized by anti-HA antibod-
ies. As expected, the truncated protein was found exclu-(Odorizzi et al., 2000). In these two strains, Ent3p was
found in the low-speed membrane pellet (P13) and in sively in the soluble S100 fraction (Figure 3). This result
shows that Ent3p is associated to membrane fractionsthe cytoplasmic fraction (S100) but was absent from the
P100 fraction, whereas the P100 localization of Emp47p, (P13 and P100) via its ENTH domain.
We repeated the same fractionation study on thea transmembrane protein localized to the Golgi or
Vph1p, a vacuolar ATPase, was not altered (Figure 3). ENTH-HA3 domain of Ent3p expressed in wild-type and
fab1 cells (Figure 3). The ENTH domain was found inThis result demonstrates that localization of Ent3p to the
high-speed membrane pellet (P100) requires PtdIns(3,5)P2 membrane-associated fractions (P13 and P100) in wild-
type cells, but was absent from the P100 fraction in thesynthesis. This effect is specific, because in other mutants,
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Table 1. Plasmids
Yeast
Plasmid Backbone ori Insert Source
pFL451 pSTX4 CEN STE2-(LL)3 This study
pFL575 YCplac33 CEN ENT3-(HA)3 This study
pFL596 pYX212 2 ent3-ENTH-(HA)3 This study
pFL597 YCplac111 CEN ENTH-(HA)3 This study
pFL669 pRT21 2 ENT3-(E-GFP3) This study
pFL594 pGEX4T-3 ENT3 This study
pFL631 pGEX4T-1 ent3-ENTH This study
pFL670 pGEX4T-3 ENTH This study
pFL696 YCplac111 CEN ent3-2-(HA)3 This study
p299 pGEX2TK FYVE of Hrs-1 Sankaran et al., 2001
pGO45 pRS426 2 GFP-CPS Odorizzi et al., 1998
pGFP-Phm5 pRS416 CEN GFP-Phm5 Reggiori and Pelham, 2001
fab1 mutant, indicating that this P100 localization is the vacuolar lumen (Odorizzi et al., 1998). To determine
whether Ent3p, which specifically binds PtdIns(3,5)P2dependent on PtdIns(3,5)P2 synthesis by Fab1p.
and is localized to endosomes, plays a role in protein
sorting at the MVB, intracellular localization of GFP-CPSEnt3p-GFP Is Localized to the Endosomes
To further characterize the intracellular localization of and GFP-Phm5p was tested in ent3-1 cells (Figure 5).
In wild-type cells, GFP-CPS and GFP-Phm5p fusion pro-Ent3p, we used a green fluorescent protein (GFP) fusion
to full-length Ent3p (Table 1), which is functional be- teins showed a clear and bright staining of the vacuolar
lumen, which results from entry into the vacuole andcause it restores growth at 37C of the ent3-1 strain.
Cells were labeled with the lipophilic dye FM4-64, which maturation by proteolysis leading to release of free GFP
into the vacuolar lumen (Figures 5A and 5B). In ent3-1selectively labels the membrane of intracellular organ-
elles along the endocytic pathway. During a time course mutant cells, GFP-CPS and GFP-Phm5p colocalized
with FM4-64 fluorescence at the vacuolar membrane atof FM4-64 staining, the dye initially stains the plasma
membrane, then intermediate endosomal compart- both 24C (Figures 5A and 5B) and 37C (data not
shown). fab1 mutant cells were previously shown toments, and finally the vacuolar membrane (Vida and
Emr, 1995). In wild-type cells expressing Ent3p-GFP, we be defective in the sorting of GFP-CPS and GFP-Phm5p
into the vacuolar lumen (Figure 5A; Odorizzi et al., 1998;observed a diffuse cytoplasmic staining as well as bright
spots of fluorescence at the periphery of the vacuole Reggiori and Pelham, 2002).
The ent3-1 mutant carries a point mutation in the(Figure 4A). After a short 15 min chase in a time course
of FM4-64 uptake, Ent3p-GFP was localized almost ex- ENTH domain (Y60H) and a second mutation down-
stream of this domain (D202G). To determine whetherclusively on prevacuolar compartments stained with
FM4-64 in wild-type cells (Figure 4B). The latter signal the single point mutation in the ENTH domain is suffi-
cient to disrupt protein sorting into the MVB, an ent3-2could well correspond to the localization of Ent3p to
endosomes, because PtdIns(3,5)P2 is synthesized at late mutant containing the Y60H mutation only was con-
structed. ent3and ent3 ent5deletion strains bearingendosomal/MVB and vacuolar compartments. To test
this hypothesis, intracellular localization of Ent3p-GFP the ent3-2 mutant on a plasmid were analyzed for growth
at 37C and for GFP-Phm5p sorting. In both deletionwas analyzed in class E vps mutant cells that accumu-
late an exaggerated prevacuolar-endosomal compart- backgrounds, the ent3-2 mutation induced no tempera-
ture-sensitive phenotype, indicating that in ent3-1 cells,ment that can be visualized using FM4-64 (Odorizzi et
al., 1998). In the class E vps23mutant cells, the majority this phenotype is due to the second mutation down-
stream of the ENTH domain or to the combination ofof Ent3p-GFP was localized to the class E endosomal
compartment (Figure 4A). All these results together sug- the two mutations. The ent3-1 and ent3-2 cells both
have fragmented vacuoles at 24C, as shown by FM4-gest that Ent3p localizes to endosomes. To determine
whether this endosomal localization of Ent3p-GFP is 64 labeling. At 24C, the GFP-Phm5p fluorescence was
found at the vacuolar membrane in the single- and dou-conserved without PtdIns(3,5)P2 synthesis, fluorescent
microscopy analysis was done on the fab1 mutant ble-deletion cells carrying the ent3-2 plasmid, indicating
that GFP-Phm5p was not properly sorted into the inter-strain. The fab1 mutant cells contain very large vacu-
oles that occupy 70% of total cell volume. Interest- nal vesicles of the MVB (data not shown and Figure 5B).
To confirm the lack of maturation of the GFP-CPSingly, Ent3p-GFP was found as a diffuse staining in the
cytoplasm of fab1 mutant cells, thus indicating that its and GFP-Phm5p constructs in the ent3-1 and ent3-2
mutants, total protein extracts of wild-type, fab1,endosomal localization requires PtdIns(3,5)P2 synthesis
(Figure 4B). ent3-1, and ent3-2 cells grown at 24C expressing these
constructs were probed with anti-GFP antibodies (Fig-
ure 5C). In wild-type cells, entry of GFP-Phm5p andEnt3p Is Required for Protein Sorting
in the MVB Compartment GFP-CPS into the lumen of the vacuole exposed the
GFP tag to vacuolar proteases that release the matureIt was previously shown that PtdIns(3,5)P2 synthesis by
Fab1p is essential for protein sorting into the intralu- cleaved enzyme and free GFP (Figure 5C; Odorizzi et
al., 1998; Reggiori and Pelham, 2001). However, fab1,menal vesicles of the MVB to target these proteins into
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Figure 4. Ent3p Localization to Endosomal
Compartments Is Dependent on Fab1p Ac-
tivity
The Ent3p-GFP fusion plasmid (pFL669) was
introduced into wild-type (WT, BY4741),
vps23, and fab1 cells. The cells were dou-
ble labeled with the dye FM4-64 to reveal
vacuole membranes and endosomal com-
partments and analyzed by fluorescence and
DIC microscopy.
ent3-1, and ent3-2 mutant cells did not show accumula- Clathrin heavy chain was coprecipitated with Ent3p (Fig-
tion of free GFP, meaning that GFP-Phm5p was not ure 6A). It is noteworthy that the association between
exposed to vacuolar proteases. GFP-CPS was also not Ent3p and Chc1p is not dependent on the presence of
properly matured in the ent3-1 mutant cells. These results functional AP complexes because in an apl strain, in
confirmed that both GFP-CPS and GFP-Phm5p are not which all the  subunits of AP complexes were deleted,
correctly sorted into the vacuolar lumen in ent3-1 and coprecipitation between Ent3p and Chc1p could still
ent3-2 mutant cells at 24C. All these data show that be observed (Figure 6A). These experiments show that
Ent3p and its ENTH domain are required for protein clathrin and Ent3p are associated in vivo.
sorting into the intralumenal vesicles of the MVB.
The intracellular localization of the Ent3-2-HA3 protein
was analyzed by a differential sedimentation assay. The Organization of the Actin Cytoskeleton
Ent3-2-HA3 was found in the low-speed membrane pellet Is Perturbed in the ent3-1 Strain
(P13) and in the cytoplasmic fraction (S100), but was The ent1ts mutant is defective in the organization of the
absent from the P100 fraction (Figure 3). This result actin cytoskeleton at 37C (Wendland et al., 1999). To
shows that the single point mutation in the ENTH domain test whether Ent3p function is also required for proper
prevents the high-speed membrane pellet (P100) local- organization of the actin cytoskeleton, we analyzed the
ization of Ent3p. distribution of actin in ent3-1 mutant cells at 24C and
37C. Wild-type and ent3-1 cells were grown at 24C,
shifted to 24C or 37C for 2 hr, and then fixed andEnt3p Binds Clathrin
stained with TRITC-phalloidin to visualize F-actin (FigureEnt1p and Ent5p, the yeast homologs of Ent3p, were
6B). A shift from 24C to 37C causes a heat-inducedshown to bind clathrin (Duncan et al., 2002; Wendland
depolarization of the actin cytoskeleton. Normal polar-et al., 1999). Interestingly, the C-terminal end of the
ized actin localization is restored after 1.5–2 hr at 37CEnt3p protein contains a putative clathrin binding motif
in wild-type cells. In contrast, this perturbation was irre-(EIDLL; Doray and Kornfeld, 2001). To analyze whether
versible in ent3-1 mutant cells, as seen by the accumula-this motif served similar functions in Ent3p, we carried
tion of actin patches in the mother cell of the buddingout coimmunoprecipitation assays between an epitope-
tagged Ent3p and the clathrin heavy chain Chc1p. cells. The above results show that ent3-1 mutant cells
Developmental Cell
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Figure 5. Ent3p Is Required for Sorting of GFP-CPS and GFP-Phm5p into the Lumen of the Vacuole
(A) The localization of GFP-CPS in wild-type (WT, RH448), ent3-1 (FLY639), and fab1 (Y07080) cells was studied at 24C by confocal
microscopy. The cells were double labeled with the fluorescent dye FM4-64.
(B) The localization of GFP-Phm5p in wild-type (WT, RH448), ent3-1 (FLY639), and ent3-2 (ent3ent5 cells bearing pFL696) cells was studied
at 24C by fluorescence microscopy. The cells were double labeled with FM4-64.
(C) Western blot of total extracts from wild-type (WT, RH448), fab1 (Y07080), and ent3-1 (FLY504 and FLY639) cells expressing GFP-Phm5p
or GFP-CPS constructs were probed with anti-GFP antibody. Protein extracts from ent3 ent5 deletion strain bearing Ent3p (WT, pFL575)
or ent3-2 (ent3-2, pFL696) expressing the GFP-Phm5p construct were probed with anti-GFP antibody.
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Figure 6. Ent3p Binds Clathrin and Is Re-
quired for the Organization of the Actin Cy-
toskeleton
(A) Ent3p binds clathrin. Whole-cell extracts
from wild-type (WT, RH448), chc1-ts (GPY418),
and apl1 apl2 apl6 (apl, SL3263) cells
containing a plasmid encoding an HA-tagged
Ent3p (pFL575) were immunoprecipitated
with rat anti-HA antibodies and subjected to
anti-Chc1p (clathrin heavy chain) and mouse
anti-HA Western blotting.
(B) Actin cytoskeleton organization is defec-
tive in ent3-1 mutant cells. Logarithmic cul-
tures of wild-type (WT, RH448) and ent3-1
mutant (FLY639) cells were grown at 24C,
shifted to 24C or 37C for 2 hr, fixed, stained
with TRITC-phalloidin, and observed by fluo-
rescence (actin) and Nomarski microscopy.
have an actin organization defect at the restrictive tem- and its ENTH domain is affected in fab1 mutant cells
that are impaired in PtdIns(3,5)P2 synthesis. In theseperature, but no defect at the permissive temperature.
cells, Ent3p and its ENTH domain are not detected in
the high-speed membrane pellet P100 fraction, whereasDiscussion
the P100 localization of Emp47p, a Golgi protein, or of
Vph1p, a vacuolar ATPase that reaches the vacuolarThe major finding of this study is that Ent3p, an ENTH
domain-containing protein, is a PtdIns(3,5)P2 effector membrane after sorting at the MVB membrane, was
not altered. This result shows that without PtdIns(3,5)P2required for protein sorting in the MVB. As shown pre-
viously, PtdIns(3,5)P2 synthesis by the Fab1p kinase synthesis, the subcellular localization of the MVB and
the Golgi apparatus to the P100 fraction was notplays an essential role in protein sorting into the vacuolar
lumen via the MVB sorting pathway (Odorizzi et al., changed. The Ent3-2 protein bearing a single mutation
in the ENTH domain displayed the same subcellular lo-1998). No specific PtdIns(3,5)P2 effector for the MVB
sorting pathway has been identified so far. Here we calization as the Ent3p wild-type protein in the fab1
mutant cells; in both cases, the proteins were absentshow that Ent3p is a specific PtdIns(3,5)P2 binding pro-
tein in vitro and in vivo. Liposome recruitment assay and from the P100 fraction. This result shows that Ent3p
localization to the P100 fraction is dependent both onlipid dot blot analysis showed that a GST-Ent3 fusion
protein specifically binds PtdIns(3,5)P2 via its ENTH do- PtdIns(3,5)P2 synthesis by Fab1p and on a functional
ENTH domain. As shown previously in fractionationmain. Furthermore, the intracellular localization of Ent3p
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Figure 7. Sequence Alignment of the ENTH Domain
The sequences of the ENTH domains of mammalian epsins were aligned with corresponding residues from the yeast Ent1p, Ent2p, and Ent3p
proteins. Secondary structure of rEpsin1 is shown above the sequence alignment (PDB ID code 1H0A). Conserved residues are in black boxes;
identical residues are indicated by white letters on a red background; similar residues are indicated by red letters. The Y60 residue that is
mutated to H60 in the ent3-1 and ent3-2 mutants is indicated by a star. Critical residues for Ins(1,4,5)P3 binding to epsin1 are colored in blue
(Ford et al., 2002). r, rat; h, human; d, Drosophila; Sc, Saccharomyces cerevisiae. Sequence alignment was generated by CLUSTAL W
(Thompson et al., 1994) and displayed with ESPript (Gouet et al., 1999).
studies, the precursor form of CPS (pro-CPS) is almost required for the internalization step of endocytosis (Ford
et al., 2002). The MVB is formed by maturation of endo-exclusively localized to the P100 fraction (Odorizzi et al.,
1998). The pro-CPS is synthesized as a type II membrane somes invaginating their limiting membranes to create
intralumenal vesicles (Felder et al., 1990). Formation ofprotein and sorted to internal vesicles of the MVB. All
these results suggest that the MVB compartment proba- these internal vesicles requires membrane curvature.
Here, we showed that Ent3p is targeted to areas of MVBbly corresponds to the P100 fraction. Moreover, an
Ent3p-GFP fusion protein was localized to endosomal structures by binding its membrane lipid PtdIns(3,5)P2
and that Ent3p is required for proper sorting of cargoesstructures in wild-type cells and to the class E prevacuo-
lar compartment in vps23 mutant cells. A similar stain- into intralumenal vesicles of the MVB. Previous studies
showed that PtdIns(3,5)P2 synthesis by Fab1p is alsoing was observed by immunofluorescence with the HA
epitope-tagged Ent3p construct (data not shown). By essential for protein sorting into the MVB (Odorizzi et
al., 1998). Taken together, these results suggest thatcontrast, Ent3p-GFP was localized to the cytosol in
fab1 mutant cells. Taken together, our results show Ent3p, via its ENTH domain, could play a role similar to
epsin and that the ENTH domain of Ent3p, once bound tothat the ENTH domain of Ent3p binds PtdIns(3,5)P2 and
allows the protein to be localized to the MVB in a manner PtdIns(3,5)P2, could induce curvature of the endosomal
membrane and formation of MVB invaginations.that is dependent on Fab1p kinase activity.
ENTH domains were shown to bind PtdIns(4,5)P2 in The structure of the epsin ENTH domain in the pres-
ence of Ins(1,4,5)P3 shows that the rat, human, and Dro-vitro, and this binding is required for endocytosis in vivo
(Itoh et al., 2001). Recent findings on the structure of sophila epsins share perfect sequence conservation of
the 8 critical residues necessary for Ins(1,4,5)P3 bindingthe epsin1 ENTH domain revealed that, when bound to
its lipid ligand, the ENTH domain folds into nine helices (residues colored in blue in Figure 7; Ford et al., 2002).
McMahon and colleagues showed that these lipid bind-rather than the eight seen for the unliganded structure
(Ford et al., 2002). The additional helix (helix 0; Figure ing residues are not well conserved in human epsinR,
suggesting a different lipid binding specificity for this7) has a large hydrophobic surface that faces the exterior
of the ENTH domain and allows this amphipathic  helix epsin (Ford et al., 2002). Indeed, recent results showed
that the ENTH domain of epsinR binds to PtdIns(4)Pto penetrate the membrane and to insert into one leaflet
of the lipid bilayer. This allows epsin, once bound to (Hirst et al., 2003; Mills et al., 2003). These studies and
others show that epsinR plays a role in membrane traf-its phosphoinositide ligand, to push surrounding lipids
aside, thereby inducing a curvature of the membrane. ficking between the trans-Golgi network and the endo-
somal system via formation of clathrin-coated vesiclesThis curvature, in conjunction with clathrin polymeriza-
tion, contributes to the formation of invaginated pits (Kalthoff et al., 2002; Wasiak et al., 2002). Ent3p and its
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homolog Ent5p could play a similar role in intracellular cells, the MVB sorting defect was already seen at 24C,
protein trafficking as the one displayed by epsinR in whereas the delay in CPY and ALP transport was ob-
mammalian cells. Indeed, Ent3p and Ent5p localize to served only at 37C. This suggests that the actin defect
intracellular compartments, are required for efficient and the CPY and ALP maturation delays observed at
transport of ALP and CPY from the TGN to the vacuole, 37C could be linked. In good agreement with this hy-
and bind to Gga proteins (Duncan et al., 2002). All these pothesis, new Vps proteins that were involved in both
functions are also described for epsinR, but we could the CPY and the ALP pathways were identified in a
additionally show that Ent3p is a specific PtdIns(3,5)P2 recent vps screen, and some of these proteins displayed
effector required for protein sorting in the MVB. There- defects in actin cytoskeleton organization (Bonangelino
fore, the functional homolog of Ent3p for protein sorting et al., 2002). All these results suggest that the actin
at the MVB probably remains to be identified in mamma- cytoskeleton could be involved in the vacuolar sorting
lian cells. of hydrolases in yeast.
Ent3p displays a poor sequence conservation in the In summary, our results describe the first example,
critical Ins(1,4,5)P3 binding residues (residues colored to our knowledge, of a specific PtdIns(3,5)P2 effector
in blue in Figure 7). Ent1p and Ent2p are very similar to required for protein sorting into the MVB. Many details
epsins, both in conservation of critical residues and in remain to be discovered, including the identification of
function (Aguilar et al., 2003). Furthermore, the ENTH downstream effectors of Ent3p and the mechanism
domain of Ent3p cannot act as a substitute for the ENTH allowing PtdIns(3,5)P2 binding via the Ent3p ENTH do-
domain of Ent1p (Wendland et al., 1999). We demon- main to control the internalization of cargo proteins into
strated that the ENTH domain of Ent3p specifically binds the intralumenal vesicles of the MVB compartment.
PtdIns(3,5)P2 and that Ent3p is not required for endocy- Structural analyses, as well as genetic and molecular
tosis, like epsin1 and Ent1/2p. The different lipid speci- studies in yeast, should provide the basis for a more
ficity of Ent3p is in good agreement with the poor conser- detailed molecular understanding of the role of Ent3p
vation of the PtdIns(4,5)P2 binding residues in its ENTH in membrane trafficking.
domain (Figure 7). This result also confirms the predic-
tion by McMahon and colleagues that not all ENTH do- Experimental Procedures
mains necessarily bind PtdIns(4,5)P2 (Ford et al., 2002).
Plasmids, Yeast Strains, Media, and MolecularThus, Ent3p is the first member of the ENTH domain-
Biology Procedurescontaining group of proteins that binds PtdIns(3,5)P2
Plasmids used in this study are listed in Table 1. The yeast strainsand functions in protein sorting at the endosomal com- used are FLY504 (Mat ura3 ent3-1), FLY639 (Mata bar1 ura3 leu2
partment. lys2 ent3-1), RH448 (WT), RH2964 (WT), FLY662 (Mata bar1 ura3
Despite the distinct role of Ent3p in membrane traf- leu2 lys2 ade2 his3 trp1 ent3::HIS3), FLY680 (Mata bar1 ura3 leu2
lys2 ade2 his3 trp1 ent3::HIS3 ent5::HIS3), SL3263 (Mat bar1 ura2ficking, the yeast ENTH domain proteins share some
leu2 trp1 his3 apl1::LEU2 apl2::TRP1 apl6::HIS3), RDY257 (sec18-1),common characteristics. Yeast strains lacking ENT1,
GPY418 (chc1-ts), BY4741 (WT), Y07080 (fab1), FY833 (WT),ENT2, ENT3, or ENT5 genes alone were viable and not
FY833-fab11 (fab1), SEY6210 (WT), and PHY102 (vps34). Yeastdefective in membrane trafficking (Duncan et al., 2002;
cell cultures and genetic manipulations were carried out essentially
Wendland et al., 1999). The ent3 single-deletion mutant as previously described (Sherman et al., 1983). DNA manipulations
did not display the same phenotype as the ent3-1 tem- and transformation in E. coli DH5 and BL21-DE3 cells were per-
perature-sensitive mutant, suggesting that the yeast ge- formed according to standard protocols.
nome encodes proteins with redundant functions (data
Screen for vps Temperature-Sensitive Mutantsnot shown). It was recently shown that the phenotypes
in the ALP Pathwayof an ent3 ent5 double-deleted strain were similar to
The screen was done as described previously with slight modifica-the ones of ent3-1 mutant cells, because both mutants
tions. The plasmid encoding the Ste2-Wbp1p was replaced by ahave fragmented vacuoles, a delay in ALP maturation,
plasmid bearing a Ste2-(LL)3 construct (Letourneur et al., 1994). Thisand a block in CPS maturation (Duncan et al., 2002). plasmid (pFL451; Table 1) was constructed by inserting in triplicate
Therefore, Ent3p and Ent5p could share redundant func- the AP-3 binding EERQPLL motif of the melanosome-associated
tions, like Ent1p and Ent2p. These different yeast ENTH- protein tyrosinase into the C terminus of Ste2p (Honing et al., 1998).
containing proteins bind to clathrin and could therefore
Endocytosis Assaysbe good candidates for clathrin recruitment at the sites
Lucifer yellow-carbohydrazide (LY) assays and [35S] factor uptakeof membrane curvature (Duncan et al., 2002; Wendland
assays were performed on mid-log phase cells using the continuouset al., 1999). However, Ent3p does not require clathrin
presence protocol as described (Dulic et al., 1991). All uptake assaysto get onto membranes and remains membrane associ-
were performed at least twice; the results shown are from one of
ated in clathrin mutant cells (data not shown). We also two independent experiments, which gave nearly identical results.
showed that the P13 membrane localization of Ent3p
requires the ENTH domain, but in a manner that is inde- Metabolic Labeling and Immunoprecipitation
pendent of PtdIns(3,5)P2 synthesis. This P13 localization Metabolic labeling of yeast cells with 35S Met-Cys Promix (Amersham
Biosciences Europe), pulse-chase analyses, and immunoprecipita-could correspond to Ent3p associated either with a large
tions were performed as previously described (Munn et al., 1999).protein complex bearing Gga1/2p and clathrin (Duncan
Rabbit anti-CPY antibodies were a kind gift of H. Riezman. Mouseet al., 2002) or to subcellular structures such as the
anti-ALP antibodies were purchased from Molecular Probes.
cytoskeleton. Here, we found that Ent3p, like its homo-
log Ent1p, is also required for actin cytoskeleton or- Protein Secretion Assay
ganization (Wendland et al., 1999). The ent3-1 tempera- Pulse-chase analysis of total protein secreted into the extracellular
ture-sensitive mutant cells displayed defects in actin medium, using the sec18-1 (RDY257) strain as a control, was done
as previously described (Gaynor and Emr, 1997).organization only at 37C and not at 24C. In ent3-1
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Lipid Dot Blot Assays Babst, M., Katzmann, D.J., Snyder, W.B., Wendland, B., and Emr,
S.D. (2002b). Endosome-associated complex, ESCRT-II, recruitsLipid dot blot assays were done on the PIP strip (Echelon Biosci-
ences), according to the manufacturer’s instructions. Purified GST transport machinery for protein sorting at the multivesicular body.
Dev. Cell 3, 283–289.fusion proteins were incubated at 2 g/ml with the PIP strip at room
temperature for 3 hr. After several washes, protein binding on the Bonangelino, C.J., Catlett, N.L., and Weisman, L.S. (1997). Vac7p,
membrane was analyzed by Western blot with anti-GST antibodies a novel vacuolar protein, is required for normal vacuole inheritance
(Sigma Aldrich). and morphology. Mol. Cell. Biol. 17, 6847–6858.
Bonangelino, C.J., Chavez, E.M., and Bonifacino, J.S. (2002). Geno-
Liposome Recruitment Assay
mic screen for vacuolar protein sorting genes in Saccharomyces
Recruitment reactions were performed in 50 mM phosphate buffer
cerevisiae. Mol. Biol. Cell 13, 2486–2501.
(pH 8), 150 mM NaCl. Liposomes were made of PC (Avanti Polar
Brown, W.J., DeWald, D.B., Emr, S.D., Plutner, H., and Balch, W.E.Lipids) containing or not containing PtdIns(3,5)P2, PtdIns(4,5)P2, or
(1995). Role for phosphatidylinositol 3-kinase in the sorting andPtdIns(3)P (95:5 molar ratio; Echelon Biosciences). Purified GST
transport of newly synthesized lysosomal enzymes in mammalianfusion proteins at 0.5 g/ml were incubated with liposomes (200
cells. J. Cell Biol. 130, 781–796.g lipids/ml). After a 20 min incubation at 24C, membranes were
recovered by centrifugation at 8,000 g at 4C. Pellets were analyzed Chen, H., Fre, S., Slepnev, V.I., Capua, M.R., Takei, K., Butler, M.H.,
by Western blot with anti-GST antibodies. The GST-FYVE domain Di Fiore, P.P., and De Camilli, P. (1998). Epsin is an EH-domain-
of Hrs-1 was used as a control for PtdIns(3)P binding (kind gift of binding protein implicated in clathrin-mediated endocytosis. Nature
M.A. Lemmon). 394, 793–797.
Conibear, E., and Stevens, T.H. (1998). Multiple sorting pathways
Subcellular Fractionations and Western Blot Analysis between the late Golgi and the vacuole in yeast. Biochim. Biophys.
Subcellular fractionations were done by differential centrifugation Acta 1404, 211–230.
as previously described (Bonangelino et al., 1997). All pellets (P13
Cooke, F.T., Dove, S.K., McEwen, R.K., Painter, G., Holmes, A.B.,
and P100) were resuspended in 200 l of cytosol buffer. All fractions
Hall, M.N., Michell, R.H., and Parker, P.J. (1998). The stress-acti-
were analyzed by SDS-PAGE and Western blot using ECF and ECL
vated phosphatidylinositol 3-phosphate 5-kinase Fab1p is essential
protocols (Amersham Biosciences). Mouse monoclonal anti-PGK
for vacuole function in S. cerevisiae. Curr. Biol. 8, 1219–1222.
and anti-Vph1p antibodies (Molecular Probes), and rabbit anti-
Cowles, C.R., Odorizzi, G., Payne, G.S., and Emr, S.D. (1997). TheEmp47p antibodies (kind gift of R. Duden) were used. Anti-Ent3p
AP-3 adaptor complex is essential for cargo-selective transport torabbit serum was raised against a 6His-Ent3p fusion protein and
the yeast vacuole. Cell 91, 109–118.recognized a protein with the expected molecular weight for Ent3p
in a whole-yeast wild-type cell extract, but not in an ent3 cell Davidson, H.W. (1995). Wortmannin causes mistargeting of proca-
extract. The ent3-ENTH-HA construct was detected by anti-HA thepsin D. Evidence for the involvement of a phosphatidylinositol
antibody (Roche Diagnostics). 3-kinase in vesicular transport to lysosomes. J. Cell Biol. 130,
797–805.
Immunofluorescence and Microscopy De Camilli, P., Chen, H., Hyman, J., Panepucci, E., Bateman, A., and
Living cells expressing GFP-CPS, GFP-Phm5p, or Ent3p-GFP were Brunger, A.T. (2002). The ENTH domain. FEBS Lett. 513, 11–18.
harvested at an OD600 of 0.6 and resuspended in PBS for visualiza- Doray, B., and Kornfeld, S. (2001).  subunit of the AP-1 adaptortion. In vivo, labeling of yeast vacuoles with FM4-64 was done as
complex binds clathrin: implications for cooperative binding indescribed (Vida and Emr, 1995). TRITC-phalloidin (Sigma Aldrich)
coated vesicle assembly. Mol. Biol. Cell 12, 1925–1935.staining to visualize F-actin was done as described previously (Friant
Dove, S.K., McEwen, R.K., Mayes, A., Hughes, D.C., Beggs, J.D.,et al., 2001). Vacuolar acidification was tested by quinacrine labeling
and Michell, R.H. (2002). Vac14 controls PtdIns(3,5)P(2) synthesis(Bonangelino et al., 1997). Visualization of cells was performed on
and Fab1-dependent protein trafficking to the multivesicular body.a Zeiss Axioplan II (GFP-Phm5p and Ent3p-GFP) or a Zeiss LSM
Curr. Biol. 12, 885–893.510 microscope (GFP-CPS). Images were captured with a CoolSnap
FX Roppert Scientific digital camera. Dulic, V., Egerton, M., Elguindi, I., Raths, S., Singer, B., and Riezman,
H. (1991). Yeast endocytosis assays. Methods Enzymol. 194,
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